Programmed Cell Death: Role for MazF and MrpC in Myxococcus Multicellular Development
Programmed cell death is of ultimate importance in embryonic development of animals. Now, programmed cell death has been shown to be an integral part of a multicellular developmental program in the bacterium Myxococcus xanthus.
Lotte Søgaard-Andersen 1 and Zhaomin Yang 2 During embryogenesis in animals, programmed cell death helps to shape and develop organs and tissues [1] . Cell death has long been known to occur during the starvation-induced development of multicellular fruiting bodies in the bacterium Myxococcus xanthus [2] . It has been a matter of debate, however, whether this cell death is the result of a regulated event or merely a consequence of starvation. In a recent publication in Cell, Nariya and Inouye [3] provide evidence that cell death during fruiting-body formation in M. xanthus is the result of a genetically encoded programmed cell death system involving a non-canonical toxin-antitoxin (TA) system.
Bacterial cells have traditionally been regarded as autonomous individuals, each following their own agenda without interacting with each other. Over the last decade, however, it has become increasingly clear that many bacteria are communal and engage in intercellular communications within and across species [4] . These intercellular communication systems allow bacterial cells to display primitive multicellular behaviours in which particular processes are regulated as a function of cell density [4] . The myxobacteria are the golden standard for multicellular behaviours in bacteria. As exemplified by the model organism M. xanthus, starvation of myxobacteria results in the induction of a developmental program that culminates in the formation of multicellular, spore-filled fruiting bodies each containing 100,000 spores [5] . The spores are able to survive extended periods of starvation; however, this survival comes at a price -the death of up to 80% of the cells in the starving population [2] .
TA systems are widespread in bacteria [6] and their role in bacterial programmed cell death is well-documented [7] . Experimental work in Escherichia coli suggests that chromosome-encoded TA systems are stress-response elements that are induced under unfavorable conditions such as starvation [6, 7] . Canonical TA systems consist of two components, a toxin and an antitoxin, encoded by a two-gene operon. Under favorable growth conditions, the antitoxin binds to and neutralizes the toxin. For example, in the MazEF system in E. coli, the MazE antitoxin protein binds to and inhibits the MazF toxin. The MazF toxin has endoribonuclease activity and cleaves mRNAs [8] . The toxin-antitoxin complex also represses transcription of the TA operon [6, 9] . In response to starvation, the antitoxin is rapidly degraded leading to an increase in transcription of the TA operon and in the activity of the toxin, which then causes cell death.
The starting point of the Nariya and Inouye paper [3] was the identification in the M. xanthus genome of the seemingly impossible: an orphan mazF toxin gene (mazF-mx) without a flanking mazE antitoxin gene. In fact, a mazE gene could not be identified anywhere else in the genome. Purified MazF-mx showed endoribonuclease activity in vitro, as expected for a MazF ortholog. Moreover, a DmazF-mx mutant, while showing no obvious phenotype during vegetative growth, showed a marked reduction in cell death during starvation compared with wild type. In addition, the DmazF-mx mutant was defective in fruiting-body formation and only produced 8% of the normal complement of spores. These findings all pointed to MazF-mx being a biologically active toxin with an essential function in M. xanthus development.
How then do M. xanthus cells survive the presence of a MazF-like toxin? Armed with the knowledge that MazF proteins normally interact with a protein antitoxin, Nariya and Inouye [3] sought to identify a protein that interacts with MazF-mx. This hunt resulted in the identification of the previously characterized transcriptional regulator protein MrpC [10, 11] . A DmrpC mutant, although deficient in fruiting and sporulation, has normal growth in the presence of nutrients. As would be predicted if MrpC were a MazF-mx antitoxin, Nariya and Inouye showed that heterologous expression of mazF-mx led to pronounced growth defects and increased cell death in a DmrpC mutant but not a mrpC + strain. Consistent with these genetic data, MazF-mx and MrpC were shown to interact directly in vivo as well as in vitro with MrpC inhibiting the endoribonuclease activity of MazF-mx, and MazF-mx inhibiting the DNA-binding activity of MrpC. Moreover, mazF-mx was found to be transcribed at low levels in vegetative cells and with transcription increasing during fruiting-body formation. Adding to the regulatory complexity of the system, mazF-mx transcription in both vegetative and developing cells was found to be activated directly by MrpC (Figure 1) .
Previous work has demonstrated that MrpC activity is regulated by a serine/threonine kinase cascade involving the two serine/threonine kinases Pkn8 and Pkn14 and by proteolytic processing involving the LonD protease [12, 13] . In vegetative cells, Pkn8 phosphorylates Pkn14, which in turn phosphorylates MrpC to MrpC-P. MrpC-P is inactive as a transcriptional activator and was shown by Nariya and Inouye [3] to be incapable of forming a complex with MazF-mx. In response to starvation, the Pkn8-Pkn14 cascade is inactivated and the amino-terminal 25 amino acids of MrpC are cleaved, probably by LonD, to produce MrpC2 [13] . MrpC2, which cannot be phosphorylated by Pkn14, efficiently activates transcription of mrpC [13] and by inference also transcription of mazF-mx (Figure 1) .
Based on these observations, Nariya and Inouye [3] proposed the following model ( Figure 1) . In vegetative cells, MazF-mx forms a complex with non-phosphorylated MrpC. In this complex, the two proteins mutually inhibit each other. Moreover, the pool of MrpC that is not in a complex with MazF-mx is, for the most part, phosphorylated by Pkn14 and therefore inactive and with the remaining non-phosphorylated MrpC activating mazF-mx transcription at a low level. Consequently, neither MrpC nor MazF-mx is active in growing cells. In developing cells, MrpC exists in two forms -either as nonphosphorylated MrpC in a complex with MazF-mx or as the shorter MrpC2 variant. MrpC2, in turn, activates transcription of mrpC and mazF-mx. It is unknown whether MrpC2 is able to form a complex with MazF-mx. Nevertheless, Nariya and Inouye [3] propose that, during early development, MazF-mx is kept inactive in a complex with MrpC. Later in development, MrpC and MrpC2 are proposed to be degraded leaving MazF-mx free to exercise endoribonuclease activity, thus leading to cell death. According to this model, cell death during M. xanthus development is an example of a genetically encoded programmed cell death system in bacteria and an integral part of the developmental program.
Several questions remain regarding programmed cell death during M. xanthus fruiting body formation, i.e. what is the function of programmed cell death? Does it release nutrients that are then used by the surviving cells to complete spore formation? Or does it provide proteins or other molecules required for spore maturation? A particularly intriguing question is why only a percentage of cells undergo MazF-mx-dependent programmed cell death and whether this is related to bistability. Bacterial programmed cell death has been documented to occur prior to the onset of starvation-induced sporulation in Bacillus subtilis [14, 15] . As in the case of fruiting-body formation in M. xanthus, only a fraction of B. subtilis cells undergo programmed cell death under these conditions. The two genetic components sdp and skf involved in programmed cell death in B. subtilis are not related at the sequence level to TA systems [14, 15] . However, both systems are regulated by a bistable switch involving the Spo0A transcriptional regulator [14, 15] . A bistable switch, cued initially by stochastic variations in gene expression at the single-cell level, divides a population of genetically identical cells into two stable but alternative cell states [16] . Two regulatory mechanisms have been proposed to bring about bistability -either a positive-feedback loop or a pair of reciprocally repressing repressors [16] . It is not readily apparent how the regulatory circuit that governs MrpC and MazF-mx activity could give rise to bistability (Figure 1 
